Introduction
Asbestos is a generic industrial term representing a variety of naturally occurring fibrous silicates, including six possible minerals: chrysotile (serpentine mineral) and amosite, crocidolite, anthophyllite, tremolite, and actinolite (amphibole minerals). Of these minerals, chrysotile is the most common form of asbestos, used in 90% of all manufactured asbestos. Owing to its merits of being heat resistant, chemically inert, and electrically insulating, 1 5 million tons of asbestos per year was used throughout the world in construction material, electrical products, and automotive parts in the late 1970s. As asbestos usage in modern industry grew, incidents of lung diseases such as asbestosis and mesothelioma increased dramatically. When the correlation between asbestos exposure and lung disease became known, worldwide regulations about asbestos use began to be instituted. The Pneumoconiosis law, the first law to regulate asbestos, was established in Japan in 1960. Since then, asbestos minerals have been gradually banned throughout the world. In 2006, the Order for Enforcement of the Industrial Safety and Health Act and the Ordinance on Prevention of Health Impairment due to Asbestos were revised: The manufacture, import, transfer, offer, and use of materials containing over 0.1% by mass of asbestos were banned. In the same year, the Japanese Industrial Standards Committee (JIS) provided a method to analyze trace amounts of asbestos, both qualitatively and quantitatively (JIS A 1481 Determination of Asbestos in Building Material Products). 2 In the United States, The Environmental Protection Agency (EPA) published a list of hazardous air pollutants and promulgated the National Emissions Standards for Hazardous Air Pollutants (NESHAP). 3 On this list, materials containing more than 1 wt% asbestos are classified as asbestos containing materials. The American Society for Testing and Materials (ASTM) has proposed analytical methods for determining asbestos content using polarized light microscopy 4 and phase contrast microscopy.
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JIS A 1481 prescribes a method using phase contrast microscopy and X-ray diffractometry for qualitative analysis and a method using thin layer X-ray diffractometry for quantitative analysis. The analytical method provided by ASTM is a counting method that uses an optical or electron microscope. However, the procedure used in this method is complicated and it is difficult to convert fiber counts to asbestos concentrations. On the other hand, X-ray diffractometry provides a reliable method to measure asbestos 6 and free silica 7 concentrations in airborne dusts. There are many reports determining chrysotile asbestos concentration quantitatively using a diffractometer. 6, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] In these studies, asbestos in aerosols was collected using a Ag membrane filter or Zn plate and analyzed using Ag or Zn intensity as a substrate standard to correct the absorption effect. 6, [8] [9] [10] The amount of asbestos in building materials have been determined by X-ray powder diffractometry with a quantitation limit of 0.5 mass%.
11 X-ray powder diffractometry has been used to detect chrysotile in bulk samples such as cement-asbestos 9 and calcium sulfate based test material at a quantitation limit of 0.25 mass%, 12, 13 calcium carbonate based materials [14] [15] [16] at a quantitation limit of 6 mass%, and synthetic materials like soils or mortar builders 17 at a lower detection limit of 0.5 mass%.
Differences in many of the crystalline characteristics, such as preferred orientation, degree of crystallinity, and crystalline purity, cause systematic errors in X-ray diffractometric quantitation, 18, 19 so these parameters are being studied with regards to chrysotile quantitation. Of these error factors, preferred orientation is of greatest concern. The side-loading method 12 X-ray powder diffractometry/Rietveld refinement was employed to estimate the purity of several chrysotile powders for calibrating standards. α-Corundum powder was mixed into each chrysotile sample as an internal standard. X-ray diffractometry was performed on these mixtures, and the mass fractions of amorphous and impurity phase content were calculated using Rietveld refinement. The chrysotile samples had 56.7 -92.0% crystalline purity. X-ray diffraction intensities of chrysotile (002) from the samples showed good correlation with the crystalline purity data. In differential thermal analysis results, the exothermal peak intensities were found to be directly proportional to crystalline contents for crystalline purity lower than 80%. Any chrysotile sample can be used as a standard material for quantitative determination upon correction of the crystalline purity, which can be estimated using the proposed method. effective in reducing variation in the orientation of chrysotile (00l). Taylor 16 has indicated that if the same pressure is used when molding specimens, powdered samples with an identical orientation of chrysotile (00l) can be obtained. Chrysotile has a unique fibrous crystal structure and the degree of crystallinity and purity are relatively low because of the roll structure. In fact, pulverizing the sample dramatically alters the diffracted X-ray intensity. 9, 14, 15 For quantitative determination using X-ray diffractometry, several pure chrysotile materials have been used as calibration standards. In Japan, JAWE-111 chrysotile standard material issued from Japan Association for Working Environment Measurement (JAWE), is frequently used for quantitative determination of asbestos in building materials with the official analytical method (JIS A 1481). 2 At the global level, SRM1866a, a common commercial asbestos offered by the National Institute of Standards and Technology (NIST), is the most popular chrysotile standard material for counting asbestos fibers. Standard reference asbestos samples offered by the Union Internationale Contre le Cancer (UICC) have been also used. 16 Some studies have applied pure chrysotile produced from mining as a calibration material for X-ray diffractometric quantitation. 20, 21 These standard materials and other pure chrysotile samples include some impurities, such as brucite [Mg(OH)2] and magnetite [Fe2O4] . Moreover, the purity and concentration of chrysotile in the standard materials are never provided. Quantitative values derived from calibration curves obtained using these standards could, therefore, show greater values than the true ones. Methods for estimating the crystallinity and crystalline purity of chrysotile are thus required to obtain accurate and precise quantitative values.
This paper demonstrates a method to determine the crystalline purity of several chrysotiles using quantitative X-ray powder diffractometry with Rietveld refinement/internal standard method. By calculating the amorphous and impurity phase content in chrysotile and subtracting them from 100%, the purity of six chrysotile samples was estimated and compared.
Experimental
Apparatus X-ray diffractometry was performed using a Rigaku RINT-2500 TTR-III diffractometer equipped with a Cu target rotary anode operating at a tube voltage of 50 kV and a tube current of 300 mA. Bragg-Brentano focusing geometry was used, and data for Rietveld refinement were recorded in the 10 -70 2θ range, with 2θ steps of 0.01 and a counting time of 1.0 s for each step. Data for qualitative analysis were recorded in the 5 -90 2θ range, with 2θ steps of 0.01 and a counting time of 0.1 s for each step.
Sample powder was filled in a 20 mm × 20 mm × 0.5 mm rectangular window of a glass holder. All samples were molded, and then the diffraction patterns were measured five times.
Each data set was analyzed by a Rietveld refinement method 22 using the RIETAN-2000 program. 23 Initial structure parameters for two of the minerals were from the literature: chrysotile (Falini et al.) , 24 shown in Table 1 , and corundum (Cooper, 1982) . 25 Thermogravimetry-differential thermal analysis for chrysotile was performed on a Rigaku Thermo plus TG8120 apparatus. Samples (9 -12 mg) were heated to 1000 C at a rate of 5 C/min and kept at 1000 C for 2 h, then cooled to room temperature at a rate of 10 C/min. Measurements were conducted under air atmosphere.
Reagents
Four chrysotile samples were used: (1) JAWE-111 chrysotile standard (JAWE, CHRY-1), (2) commercial chrysotile fiber (WAKO, CHRY-2) pulverized with an ISHIKAWA AGA grinder, (3) SRM1866a (NIST, CHRY-3), and (4) pure chrysotile bundles collected from a mine in Arizona (CHRY-4). CHRY-1 and CHRY-2 were treated with 0.1 M hydrochloric acid at room temperature for 2 h to remove impurities such as brucite [Mg(OH)2].
The internal standard material for use with X-ray powder diffractometry must possess high crystallinity and a mass absorption coefficient similar to that of the analyte. In this study, corundum (α-Al2O3, mass absorption coefficient: 31.14 cm 2 g -1 for Cu Kα) was selected as an internal standard with six α-aluminum oxide powders for diffractometric analysis of chrysotile (Mg3Si2O5(OH)4, mass absorption coefficient: 28.43 cm 2 g -1 for Cu Kα). We used the following six alumina powder samples: (1) aluminum oxide (JUNSEI), (2) aluminum oxide (JUNSEI) heated at 1200 C, (3) alumina powder (High Purity Chemicals, particle size 0.3 μm), (4) alumina powder (High Purity Chemicals, particle size 1 μm), (5) alumina powder (High Purity Chemicals, particle size 10 -20 μm), (6) SRM676a alumina powder (NIST).
Analytical procedures
Each chrysotile sample was mixed with the internal standard corundum (25.0 mass%) using an agate mortal and pestle for 30 min. Diffraction patterns of the chrysotile-corundum binary mixtures were recorded and refined quantitatively via the Rietveld method.
In the Rietveld refinement for multiphase quantitative analysis, the weight fraction could be calculated from the scale factors without standard materials. The accuracy of the quantitative method using the entire diffraction pattern is higher than those of other methods that utilize single reflections for analytical lines. Due to the addition of an internal standard, the Rietveld refinement method can determine the amount of crystalline phase in the samples, including the amorphous or unknown impurity phases. In the Rietveld refinement/internal standard method, the quantitative value of the analyte could be calculated as follows:
Here C is the weight fraction of the analyte, S the additional rate of the internal standard, and SR the weight fraction of the internal standard derived from the Rietveld refinement. If amorphous or impurity phases are present, C will be have a lower mass fraction than the mixing rate. Crystalline purity CP is obtained by dividing C by the mixing rate of the analyte:
Jones et al. 26 have given the following equation for determining the weight fraction of the amorphous phase in the sample by using the Rietveld refinement/internal standard method:
Here A is the weight fraction of the amorphous phase. Since crystalline purity, CP, corresponds to "1 -A," rewriting Eq. (3), one obtains:
Results and Discussion
Crystalline phase analysis and purification of several chrysotiles X-ray diffraction patterns of six chrysotiles are shown in Fig. 1 . In the patterns of CHRY-1 and CHRY-2, brucite (001) (d = 0.47639 nm) and magnetite (220) (d = 0.29684 nm) were identified as impurities. When these samples were treated with 0.1 M HCl on a magnetic stir plate, the peaks of brucite, magnetite, and other impurities disappeared entirely from the X-ray diffraction patterns. Note that brucite was removed chemically and magnetite was removed by magnetic stirring. After treatment with 0.1 M HCl, the peak intensity of chrysotile (002) was about 10% greater than that in the initial untreated samples. It was thought that the HCl treatment dissolved the disordered chrysotile mixture, which also contained brucite and other impurities. Consequently, the crystalline purity of the remaining chrysotiles was enhanced. Among the six chrysotiles, CHRY-4 showed a maximum full width at half maximum (FWHM) value of 0.82 (2θ) for chrysotile (002) peak. Other chrysotiles showed an FWHM value of about 0.5 (2θ), both before and after HCl treatment. In the six chrysotile samples, the d spacing of (002) was in the range of 0.729 to 0.736 nm. The level of background intensity was similar for the diffraction patterns of all six samples.
Selection of corundum powder as an internal standard
Several crystals (e.g., potassium chloride, calcium carbonate, barium carbonate, α-aluminum oxide, silica, and nickel oxide) are frequently used as internal standard materials. Nakamura and Sasuga 27 illustrated that internal standards must exhibit a minimal grinding effect. They selected 28 crystal samples based on their degree of grinding effect. Based upon this work, α-aluminum oxide was chosen to be a suitable internal standard for the chrysotile samples. The impurity contents of six α-aluminum oxide powders were thus compared to select the most appropriate as an internal standard. Table 2 shows the total peak intensities, the average FWHM of corundum (104), 35.152 2θ, the total peak intensity of impurities, and the ratio of intensity of impurity peaks to that of corundum peaks. CRDM-4 (High Purity Chemicals, particle size 1 μm) had the highest intensity and the lowest intensity ratio of impurities. To decrease quantitative error originating from the internal standard, we selected CRDM-4 as the internal standard in this study.
In these samples, the impurities were considered to be θ-or δ-alumina and the peak intensities of these impurities were too small to simulate by Rietveld refinement. The purity estimation method described in this paper, therefore, includes a small error originating from impurities contained in the internal standard.
Estimation of purity of several chrysotiles
In the course of the selection of a calibration standard, purity and amorphous content have rarely been considered for the powder X-ray diffractometry quantitation process. Altree-Williams [28] [29] [30] and Nakamura 31 pointed out that, in pure quartz, the amorphous surface content of crystalline particles caused a variation in the crystallinity index of several quartz samples. The crystalline purity of six chrysotile powder samples was determined via powder X-ray diffractometry/Rietveld refinement. Figure 2 shows the calculated (solid line) and observed diffraction patterns (dotted line), and the difference curve for the refinements of the chrysotile (HCl-treated CHRY-1)-corundum (CRDM-4) binary mixture. The weighed pattern reliability factor (RWP) for the multiphase Rietveld refinements was 0.11. Other binary mixtures were refined using the same method. Table 3 shows the crystalline purity of several chrysotiles derived from the Rietveld refinement/internal standard method. Relative standard deviations of these values were in the range of 3.7 -6.3% (n = 5). In the case of Rietveld refinement for structure of chrysotile, the preferred orientation parameter and any profile function and asymmetry parameter that restrict the profile of the diffraction peak may affect the accuracies of calculation and determination. The values of purity shown in Table 3 include errors derived from these factors. The crystalline purity of HCl-treated CHRY-1 was 92.0% and that of CHRY-2 was 56.7%. The crystalline purity of raw CHRY-1 was 86.7%; thus, HCl treatment enhanced the crystalline purity by approximately 5%. The purity of chrysotile standard CHRY-1 was stated to be over 95%, but the results indicated that CHRY-1 contained 13% non-crystalline phase. All of these chrysotile standards and materials were labeled as "pure chrysotile," but the crystalline purity varied greatly. This variation in purity is a result of the amorphous phases present in the crystals. Figure 3 indicates the correlation between the X-ray diffraction intensity of chrysotile (002) and the crystalline purity of the six chrysotile samples. The diffraction intensity of chrysotile (002), having a significant negative intercept, increased linearly with crystalline purity. The integrated intensity of background in the diffraction pattern of chrysotile sample was calculated from each refined pattern. The correlations between integrated intensity of background and purity for six chrysotiles are shown in Fig. 4 . They indicate reverse correlation and such results illustrate that the lower purity chrysotile samples contain higher concentrations of amorphous phase.
Differential thermal analysis (DTA) spectra for the six chrysotile powders showed exothermal peaks around the transition temperature of 820 C, which is the result of a chrysotile-to-forsterite transition. Figure 5 indicates the exothermal peak at 820 C for each chrysotile sample. HCl-treated CHRY-1 showed the largest and most symmetrical peak. CHRY-2, HCl-treated CHRY-2, CHRY-3, and CHRY-4 showed broad and unsymmetrical peaks. Figure 6 shows the relationship between the mass exothermal peak area ( C/μV mg -1 ) for the forsterite transition and the crystalline purity of the six chrysotile samples. It is apparent that the exothermal peak intensity was directly proportional to crystalline purity for crystalline purity values lower than 80%. Chrysotile samples with low crystalline purity may have contained a large quantity of disordered crystal phases. Numbers in parentheses: relative standard deviation, % (n = 5). Corundum powder (CRDM-4, High Purity Chemicals, particle size 1 μm) was used as an internal standard. SRM1866a, a chrysotile standard used widely for fiber counting, showed a crystalline purity of 84.5%. Therefore, X-ray diffractometric quantitation performed using SRM1866a as a standard may give crystalline purity values higher than the actual values by about 15%. Thus, if chrysotile standard material (CHRY-1, CHRY-3), commercial chrysotile fiber (CHRY-2), natural chrysotile produced from mine (CHRY-4), and other pure chrysotile materials are used for calibration standard, quantitation results of chrysotile in building materials should be corrected by crystalline purity values calculated from the proposed method.
Conclusions
The estimation of crystalline purity of several chrysotile samples was carried out with X-ray diffractometry/Rietveld refinement using corundum as an internal standard. All chrysotile samples investigated contained amorphous phases, and their crystalline purity values were less than 100%. Any chrysotile sample can be used as a standard material for quantitative determination upon correction of the crystalline purity, which can be estimated using the proposed method.
